Aims The objective of this study was to evaluate the potential uses of relative abundance, relative activity approaches and inhibitory monoclonal antibodies (mAbs) in the characterization of CYP enzymology in early drug discovery. Methods Intrinsic clearance estimates for the oxidation of ethoxyresorufin (a selective probe of CYP1A2 activity), tolbutamide (CYP2C9), S-mephenytoin (CYPC19), dextromethorphan (CYP2D6) and testosterone (CYP3A4) were used to determine relative activity factors (RAFs). CL int values were determined for the metabolism of 14 drugs in human liver microsomes (HLM) and for these major CYPs. The relative contribution of each individual CYP to the oxidation of each drug was then assessed using relative abundance and activity techniques in addition to inhibitory mAbs. Results Relative abundance and activity methods as well as inhibitory mAbs qualitatively assigned the same CYP isoform as predominantly responsible for the clearance of each drug by HLM. Metabolism catalysed by CYP1A2, 2C9, 2D6 and 3A4 was also predicted to be quantitatively similar using both abundance and activity techniques. However, the relative contribution of the polymorphic CYP2C19 appeared to be over-estimated approximately two-fold using recombinant CYP compared with that from the HLM and mAb approach. Conclusions All three methods investigated in this study appear suitable for use in the characterization of the CYP metabolism of new chemical entities produced during early drug discovery.
Introduction
The cytochrome P450 (CYP) enzyme family catalyses the oxidation of a plethora of endogenous compounds (steroid hormones, eicosanoids, retinoids, vitamins) and xenobiotics (drugs, chemicals, pollutants) [1] . Interindividual variation in drug metabolism by CYPs may be associated with dramatic perturbations in drug efficacy and toxicity [2] . As such, much interest is focused on the identification, characterization and regulation of human CYPs and their contribution to metabolism within particular populations. Characterization of the involvement of the major hepatic CYPs (CYP1A2, 2C9, 2C19, 2D6 and 3A4) in drug metabolism was traditionally conducted using an array of methodologies including regression analysis with a panel of human liver microsomes (HLM), chemical and/or immuno-inhibition of the particular oxidative biotransformation and confirmation with recombinant CYPs, where available. Following the promise shown in early studies [3] , advances in recombinant technology have seen a recent trend towards prioritizing the use of recombinant CYPs in such analyses [4, 5] .
In general, such studies use human CYPs and HLM to provide a relative activity factor (RAF) for a specific prototypic/probe CYP reaction. Assays may be conducted under various conditions, for example with the velocity of the reaction ( v ) near V max , or using an intrinsic clearance, CL int , estimation [6] [7] [8] [9] [10] . These RAFs may then be used to ascertain the relative contribution of individual CYPs to the metabolism of a new molecular entity (NME). Alternatively, individual CYP CL int estimates may be scaled to provide a HLM equivalent based on the documented relative abundance of each hepatic isoform [5] .
The aim of this study was to compare and contrast the utility of the relative abundance and activity approaches with the use of inhibitory monoclonal antibodies in the identification of human CYP enzymology. The experiments were also designed to reflect methodologies currently compatible with enhanced throughput drug discovery.
Methods and materials

Chemicals
All chemicals and reagents used were of the highest available commercial grade. Dextromethorphan, diclofenac, diltiazem ( ± )-metoprolol, phenacetin ( ± )-propranolol, testosterone and b -nicotinamide adenine dinucleotide phosphate, reduced form ( b -NADPH) were purchased from Sigma Chemical Co. (Poole, Dorset, UK). ( ± )-Verapamil was purchased from Aldrich Chemical Co. Ltd. (Gillingham, UK). Bufuralol and Smephenytoin were purchased from Ultrafine Chemicals (Manchester, UK). Omeprazole was synthesized at AstraZeneca R&D Charnwood (Loughborough, UK).
Source of cytochrome P450
Escherichia coli membranes expressing human CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4 were purchased from CYPex (Dundee, UK). HLM (pooled with respect to CYP phenotype) were purchased from In Vitro Technologies (Baltimore, MD, USA) and have been described previously [5] . In Vitro Technologies obtain human tissue only from approved sources within the USA. Pooling by phenotype rather than genotype may confound interpretation of activities assigned to polymorphic enzymes such as CYP2C9/19 and CYP2D6.
CYP CL int determination
CYP CL int determination was performed using enhanced throughput methodology, similar to that reported previously [2, 5] . Initial substrate concentrations much lower than the respective K m of the reaction were used [5] . All compounds were incubated at 3 m M , except dextromethorphan (1 m M ) and diclofenac (0.5 m M ). (Based on previous kinetic analyses for dextromethorphan Odemethylation, the CYP2D6 CL int estimate would then be about 75% of the theoretical maximum [3] .) The initial stock of all drug substrates was prepared in dimethyl sulfoxide at 100 times the incubation concentration.
Thus, the final concentration of organic solvent in the incubation mixture was 1% v/v [5] . Escherichia coli membranes coexpressing individual CYPs and NADPH reductase (25-100 pmol of CYP ml -1 final concentration) [3, 5] were preincubated with substrate for 5 min at 37 ∞ C. Reactions were initiated by the addition of NADPH (1 m M final concentration) and 50-m l aliquots were taken at 0, 5, 10, 20 and 30 min and quenched with 100 m l ice-cold methanol. Samples were subsequently frozen for 1 h at -20 ∞ C, and then centrifuged at 2000 g for 20 min. The resultant supernatants were removed and transferred into HPLC vials prior to analysis.
Monoclonal antibody inhibition of CYP metabolism
MAbs used in this study have been shown previously to be specific for the following human CYP isoforms: CYP1A2 [11] , CYP2C9 [12] , CYP2C19 [12] , CYP2D6 [13] and CYP3A4/5 [14] . MAbs (150 m g ascites fluid : mg microsomal protein) were preincubated with HLM (1 mg ml -1 final concentration) for 5 min at 37 ∞ C prior to the addition of substrates. Incubations were performed at identical concentrations to those in the CYP CL int determination. The mAb concentrations were chosen to be saturating for both HLM and rCYP reactions based on previous studies. The microsomal concentration selected was based on a compromise between assay sensitivity and nonspecific binding considerations. Because of the physicochemical properties of the compounds studied, some effects of the latter on apparent CL int may be anticipated, although this was not addressed directly in this study. Reactions were initiated with the addition of NADPH (1 m M final concentration), aliquots were taken at 0, 5, 10, 20 and 30 min and samples were extracted as in CYP CL int assays. Substrates were also incubated with HLM alone to determine the CL int without mAbs. Control HLM CL int values were of a similar magnitude to those reported previously [3, 5] . Percentage inhibition of metabolism was calculated as: 100 ¥ (1 -CL int in the presence of the specific mAb)/CL int obtained with control mAb.
Analysis of recombinant CYP and human liver microsome samples
The majority of sample analysis was performed using a Micromass ZMD single quadrupole mass spectrometer using an HP1100 high performance liquid chromatography (HPLC) system for separation. Electrospray ionization was used in all mass spectrometry methods. Positive ion mode was used in parent loss analysis of bufuralol
Chromatographic separation was obtained using a Symmetry Shield™ RP 8 (4.6 ¥ 50 mm, 3.5 m M ) column (Waters, Watford, UK) using 20 m l of each extracted sample. The mobile phase consisted of water with 0.1% (v/v) formic acid with the organic phase being methanol containing 0.1% (v/v) formic acid. All chromatography was performed using a generic gradient ( t = 0 min % organic = 10, t = 0.5 min % organic = 10, t = 4 min % organic = 100, t = 5 min % organic = 100, t = 5.1 min % organic = 10, total runtime = 5.5 min). The flow rate was set at 1.5 ml min -1 , and mobile phase was introduced into the source at 0.4 ml min -1 . Analysis of 4 ¢ -hydroxymephenytoin was conducted on a Micromass Quatro Ultima triple quadrapole using an Alliance HT Waters 2790 HPLC system for separation. Analysis was by multiple reaction monitoring (MRM) using positive-ion mode. 4 ¢ -Hydroxymephenytoin was detected monitoring the transition 235.3 > 150 using a cone voltage of 30 V and a collision energy of 15 eV. Chromatographic separation was achieved using a Symmetry ® C 8 (2.9 ¥ 20 mm, 5 mM) column (Waters) with the following gradient: t = 0 min % organic =10, t = 0.1 min % organic =10, t = 0.5 min % organic =100, t = 1 min % organic =100, t = 1.2 min % organic =10, t = 1.7 min % organic =10, total runtime =2 min. The organic and mobile phases were the same as in the analysis of previous compounds. The flow rate was set at 1.5 ml min -1 , and the mobile phase was introduced into the source at 0.4 ml min -1 . The limit of quantification of the assays was 2 ng ml -1 . Analysis of diclofenac samples was conducted by HPLC using an HP1100 system. A Symmetry Shield™ RP 8 (4.6 ¥ 50 mm, 3.5 mM) cartridge (Waters) and a mobile phase of 0.025% (w/v) ammonium acetate and acetonitrile was used with the following gradient: t = 0 min % organic =20, t = 7 min % organic =60, t = 7.1 min % organic =20, t = 8 min, total runtime =8 min. The flow rate was 1.5 ml min -1 and u.v. detection of diclofenac was performed at 275 nm. For all analyses quoted, the intra-and inter-day coefficients of variation were < 10%.
Data analysis
Throughout this study, several approaches have been adopted to calculate intrinsic clearance (CL int ). For the majority of compounds, CL int was determined by quantification of the specific rate of loss of parent compound [5] . The low turnover of more stable compounds (e.g. tolbutamide, S-mephenytoin) necessitated that the CL int was determined from the appearance of the metabolite [5] . The CL int for ethoxyresorufin O-de-ethlyation was determined from the expression V max /K m as reported previously [3] . The contribution of individual CYP to HLM CL int (abundance method) was estimated as detailed previously [5] using the immunoquantified concentrations of CYP isoforms [15] shown in Table 1 and a value of 320 pmol mg -1 as an average total CYP content in HLM [16] .
The contribution of individual CYP to HLM CL int using the RAF method was estimated by the method recommended by Nakajima et al. [10] , as adopted previously [5] . The relative merits of this approach have been discussed [10] and highlight potential differences in K m or V max between CYP expression systems and HLM. The authors are aware that this study only demonstrated the suitability of this method for CYP1A2, CYP2D6 and CYP3A4 reactions. However, CL int values determined in both HLM and recombinant CYP were used to calculate the contribution of individual CYP to HLM CL int using the following equation: Contribution of CYP (%) = (individual CYP Cl int ¥ RAF)/(SCYP Cl int ¥ RAF) ¥ 100. RAFs for CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4 were determined using the probe drugs shown in Table 1 .
Results
Five compounds were selected from the literature to represent specific probe substrates for five major CYP isoforms, namely ethoxyresorufin (CYP1A2), tolbutamide (CYP2C9), S-mephenytoin (CYP2C19), dextromethorphan (CYP2D6) and testosterone (CYP3A4). CL int values were determined for each of the probe substrates using both pooled HLM (prepared from 15 individual livers) and the appropriate recombinant CYP cell line (Table 1) . HLM RAFs were then calculated for each probe reaction and ranged from 8 pmol mg -1 for Smephenytoin metabolism to 83 pmol mg -1 for testosterone metabolism.
The % contributions of CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4 metabolism in human hepatic microsomes were calculated using the RAF approach (assuming 320 pmol of CYP mg -1 of microsomal protein) and compared with literature values determined using immunoquantified concentrations of CYP isoforms (Table 1) . Both RAF and immunological methods ( Fig. 1) gave comparable values for CYP1A2, CYP2C9, CYP2D6 and CYP3A4/5. However, the RAF estimates for the content of CYP2C19 in HLM were two-fold lower than the previous determination using immunoquantification techniques [17] . Tables 2 and 3 show the results obtained when CYP CL int values determined for 14 drugs in the authors' laboratory were analysed using abundance, RAF and mAb methods. Table 2 reflects the potential for a given drug to be metabolized by the individual CYPs studied, whereas Table 3 shows their actual contribution in the 28  50  71  1  2  ----Diclofenac  --100  100  ------Omeprazole  ----68  60  --32  40  Bufuralol  ------100  100  --Metoprolol  ------100  100  --Propranolol  26  27  --15  6  59  67  --Diltazem  ----6  5  --94  95  Verapamil  --------100  100  Tolbutamide  --70  72  30  28  ----Dextromethorphan  ----14  10  86  90  --Testosterone  --------100  100  Diazepam*  ----94  95  --6  5  Ibuprofen*  --90  91  10  9 ----*Original raw data taken from [3] or [5] . APC and RAF values represent mean derived from three individual experiments. Naproxen provided a RAF for tolbutamide CYP2C9 (45 pmol mg -1 ), metoprolol for dextromethorphan CYP2D6 (6 pmol mg -1 ) and verapamil for testosterone CYP3A4 (98 pmol mg -1 ). -, Not detectable. HLM pool studied. The reaction phenotyping by each of the three methods used in this study provided a similar definition of the individual major CYPs for each substrate. A major discrepancy was observed for phenacetin O-de-ethylation. This reaction has been shown to be metabolized by most hepatic CYPs but is a selective CYP1A2 probe at low substrate concentrations. The contribution of CYP2C19, thought to be the major lower affinity phenacetin O-de-ethylase, appeared to be overestimated based on data using recombinant CYPs, as suggested from data in Table 1 . The mAb approach was unable to detect relatively minor contributions to metabolism (< 15%) using this enhanced throughput methodology. Both abundance and RAF methods estimated the contribution of CYP2C19-and CYP3A4-mediated metabolism of omeprazole to be approximately 65% and 35%, respectively. In contrast, the mAb method determined the relative importance of these isoforms to be approximately 2 : 1 in favour of CYP3A4.
The quantitative contribution to drug metabolism catalysed by CYP1A2, CYP2C9, CYP2D6 and CYP3A4 was also similar (generally, within two-fold) for abundance and RAF methods (Table 2) . However, the relative importance of metabolism by CYP2C19 was overestimated by the abundance method compared with both RAF and mAb approaches. In the majority of cases, the degree of inhibition observed using mAbs reflected accurately the relative contribution of each CYP obtained by both abundance and RAF techniques. However, although drugs such as testosterone and verapamil were correctly identified as CYP3A4 substrates using mAbs, the degree of inhibition was only 50-75% of the contribution determined using other methods. The use of higher concentrations of antibody (300 mg ascites fluid per mg microsomal protein) in inhibition experiments resulted in a degree of inhibition comparable to estimates of the % contribution of the particular CYP (for example, >83% for verapamil metabolism, data not shown).
Discussion
The large number of drug classes that interact with human CYPs necessitates a thorough understanding of this enzyme superfamily to expedite rapid drug development by pharmaceutical companies. The recent advances in recombinant DNA technology have allowed for significant improvements in evaluating the in vitro role of human CYPs in drug metabolism [18] . In particular, the relationship between CYP-mediated metabolism by recombinant CYPs and HLM has received considerable attention [4, 5, 18] .
To examine the potential use of abundance, RAF and mAb methods in early drug discovery programmes, reaction phenotyping of a range of drug substrates was performed with enhanced throughput technology using each of the three methods. Throughout the majority of this investigation, the CL int of drugs was determined by monitoring loss of parent drug, as advocated previously [19, 20] . Although this method is less sensitive and selective than the determination of CL int values for specific metabolite formation, it was employed to mimic techniques commonly used in early drug discovery, where tight deadlines often prohibit extensive method development and synthesis of authentic metabolite standards.
The probe substrates (ethoxyresorufin, tolbutamide, Smephenytoin, dextromethorphan and testosterone) used to create RAFs for CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4, respectively, have been used widely [3, 5, 7, 8, 21] . Traditionally many investigators have estimated RAFs using probe substrates under V max conditions in both recombinant CYPs and HLM [6] [7] [8] [9] . However, CL int estimates have been used to determine RAFs in present study based on the work of Nakajima et al. [10] , who suggested that this method more accurately mimicked the situation in vivo. RAFs determined for CYP2C9 and CYP2C19 were within previous literature ranges determined using the same probe substrates [7, 8, 22] . However, the RAFs for CYP1A2, CYP2D6 and CYP3A4 were several times lower than those obtained by previous investigators [22, 23] . The relative activity approach may depend on the index reaction used to create RAFs for each CYP isoform and the expression system employed [10] . To investigate this phenomenon further, several compounds were used to determine interprobe variation for each major CYP isoform. With the exception of CYP2D6 (where interprobe variation was four-fold) all other isoform selective probe reactions gave RAFs within approximately two-fold of each other, which agrees favourably with the literature [24] .
Although the use of relative abundance and activity methods for reaction phenotyping CYPs has been compared for a limited number of individual drugs previously [22, 24, 25] , a systematic evaluation of the two techniques for a substantial number of drugs has yet to be performed. The considerable potential use of mAbs in drug discovery studies has become apparent recently [26, 27] . The quantitative contribution to drug metabolism catalysed by CYP1A2, CYP2C9, CYP2D6 and CYP3A4 was similar using average % content (APC) and RAF methods. This finding supports that of Yu and Haining [25] , who demonstrated that the CYP2C9, CYP2D6 and CYP3A4-mediated metabolism of dextromethorphan was comparable using each method. Several investigators [22, 24] have reported the predicted contribution of CYP1A2 to drug biotransformation using the RAF approach to be 5-20-fold higher than APC methods. Venkatakrishnan et al. [24] suggested that such differences may be attributed to differing expression levels of NADPH : CYP oxidoreductase in recombinant CYPs and HLM. Yamazaki et al. [26] have demonstrated that the coexpression of recombinant CYPs (in particular CYP3A4) with cytochrome b 5 may also aid in comparisons between some recombinant systems and HLM. Therefore, it is tempting to speculate that the functional coupling of NADPH : CYP oxidoreductase : cytochrome b 5 in the HLM and recombinant CYPs used in this study were equivalent. Interestingly, Venkatakrishnan et al. [24] also observed a discrepancy in accessory protein content between HLM and recombinant CYP2C19. However, differences in predicted CYP2C19-mediated metabolism using APC and RAF approaches were minimal. Another explanation could be that the immunoquantified concentration of CYP2C19 (commonly quoted as 4%) might be an overprediction, and that a value of 1-2% may be more appropriate (Table 1 [ 27] ). The presence of CYP2C19 poor metabolizing livers in the HLM used here may also confound interpretation of the data.
In addition to the APC and RAF approaches, our data clearly demonstrate the potential use of mAbs to quantitatively reaction phenotype HLM for CYP-mediated processes. The major differences using mAb and APC/ RAF techniques in the predictive contribution of CYP2C19 to phenacetin O-de-ethylase and CYP2C19 and CYP3A4 to omeprazole metabolism may be characteristic of the HLM batch used [28] . Therefore, further work investigating individual HLM samples may be required. Relatively minor CYP contributions to drug CL int (where % contribution was <15%) were not detected consistently with mAbs in this study, in which compounds were incubated at substrate concentration of less than the K m for the major, high-affinity pathway under the conditions chosen. However, previous investigations using much higher substrate concentrations have shown that mAbs have the potential to detect contributions from more minor CYPs [12, 13] , although the physiological/pharmacological significance of this is debatable. The differing incubation conditions may also explain the lower % inhibition of certain CYP3A4 reactions studied by us compared with previous studies (often conducted under V max conditions) [24, 27] .
This report has evaluated APC, RAF and mAb approaches towards the CYP reaction phenotyping using 14 drug substrates. The successful determination of the contribution of the major CYP-mediated biotransformations by the three approaches supports further evaluation of APC, RAF and mAb techniques in early drug discovery.
